1. Introduction {#sec1}
===============

The liver is the primary site for the regulation of serum cholesterol and triglycerides (TGs) *via* modulating their biosynthesis and metabolism as well as packaging, reuptake, and export of lipoproteins. Dysregulated lipid metabolism, including hypercholesterolemia (HC), can trigger Non-Alcoholic fatty liver disease (NAFLD) \[[@bib1]\]. Multiple phases of NAFLD, such as fatty liver, steatohepatitis, and liver cirrhosis, have been characterized in individuals with no history of substantial alcohol consumption \[[@bib2], [@bib3]\]. Additionally, the fatty residues in the liver have also been implicated in fibrosis, hepatocellular carcinoma (HCC), liver failure, and death \[[@bib4]\].

Owing to globalization, lifestyle factors, including consumption of processed, refined foods, NAFLD has emerged as the most prevalent hepatic disease in developing countries and continued to increase in other countries as well \[[@bib5]\]. Further, metabolic syndrome, diabetes, obesity, and insulin resistance leading to accretion of TGs and free fatty acids in the liver synergistically contributed to making NAFLD a global burgeoning epidemic \[[@bib6]\]. Since NAFLD is predominantly associated with lifestyle, changing the dietary habits remain the first line of therapy for restoring NAFLD and NASH. Nevertheless, oxidative stress emerged as one of the most critical pathological events and hallmarks during NAFLD and hepatic steatosis (NASH) \[[@bib7], [@bib8]\]. Despite these understandings, not only the redox-sensitive pathogenic mechanism of NAFLD remains elusive, but also there is a lack of adequate treatment for NAFLD.

In this regard, prevention of *de novo* cholesterol synthesis using statins as well-known HMG CoA reductase inhibitors is well established. Statins are generally the first option medications for patients with HC, especially those with liver and cardiovascular disease. However, chronic use of statins not only induces resistance amongst patients but is also associated with unwanted side effects such as myalgia, myositis, kidney or liver failure, metabolic, and neurological side effects \[[@bib9], [@bib10]\]. These outcomes warrant the urgent need to explore safe therapeutic/preventive alternatives.

Multiple attempts have been made in this regard to explore new salubrious agents. For example, both polyunsaturated fatty acids (PUFAs) and phytosterols can prevent NAFLD \[[@bib11]\] by dramatically decreasing the total and LDL-cholesterol levels. Hempseed (*Cannabis sativa*) oil contains 80% PUFAs, high concentrations of phytosterols (e.g., sitosterol and campesterol), essential fatty acids along with α, γ-linoleic acids \[[@bib12]\]. Due to these properties, they can be identified as useful phytotherapeutics against a vast range of lipid-associated diseases \[[@bib12]\]. Further, lignanamides in the hempseed are potent antioxidant and anti-inflammatory agents \[[@bib13]\]. Thus, currently, we examined the ameliorative potential of a hempseed lipid fraction (HEMP) in a high-fat diet (HFD) induced fatty liver.

2. Materials and methods {#sec2}
========================

2.1. Chemicals {#sec2.1}
--------------

All the chemicals used in the study were of analytical grade and were purchased from Sigma (India), HiMedia (India), SRL (India), and MP Biomedical (India). Organic raw hempseeds of premium quality were procured from Petnest, produced, and packed by G K Engineers, Bhavnagar, Gujarat, India.

2.2. Animal procurement {#sec2.2}
-----------------------

Female Wistar rats were obtained from the Central Animal House, Panjab University, Chandigarh, and housed in the Departmental Animal Room in polypropylene cages at 12/12-hour light/dark cycle. All the experiments were performed following the guidelines of the institutional ethical committee (Approval \# *PU/45/99/CPCSEA/IAEC/2017/59*).

2.3. Diet preparation and experimental design {#sec2.3}
---------------------------------------------

High-fat diets (HFD) to induce experimental HC and diets containing HEMP were prepared as described earlier \[[@bib14]\]. Briefly, animals were divided into five groups viz Control, HFD, HEMP, HFD+HEMP, and HFD/HEMP. Control rats were fed regular pellet diet and water *ad libitum* for two months, whereas HFD rats were fed diet that contained 2% cholesterol, 1% cholic acid, 10% peanut oil, 40% sucrose, 47% pellet diet for two months. HEMP rats were fed diet containing 10% hempseed lipid fraction and 90% pellet diet for two months. HFD + HEMP group animals were fed HFD supplemented with HEMP (10%) for two months, whereas for HFD/HEMP treatment, rats were fed HFD for one month, followed by HEMP diet for one month.

The changes in body weight were checked weekly. After the completion of diet/treatment schedules, animals were sacrificed under Ketamine anesthesia, followed by cervical dislocation. Blood was obtained by puncturing the retro-orbital plexus. Serum was isolated from blood and was used for lipid profile experiments.

2.4. Defatting of hempseed by soxhlet extraction {#sec2.4}
------------------------------------------------

The hempseed powder was defatted using soxhlet extraction, and lipid and protein fractions were isolated as described previously \[[@bib14]\]. Based on the previous studies suggesting the benefits of crude extracts over purified components and published results from our lab, only lipid fraction of hempseeds i.e. HEMP was used in the current study \[[@bib14]\].

2.5. Analysis of serum lipid profile {#sec2.5}
------------------------------------

Serum was separated from blood and level of total cholesterol, HDL/LDL cholesterol, and triglycerides levels were measured using the kits from RECKON (Reckon diagnostics P. LTD. Vadodara INDIA) as per manufacturer\'s protocol.

2.6. Analysis of liver function test {#sec2.6}
------------------------------------

Serum glutamic pyruvic transaminase (SGPT), serum glutamic-oxaloacetic transaminase (SGOT), and alkaline phosphatase (ALP) were measured using the kits from RECKON as per manufacturer\'s protocol.

2.7. Histopathological studies {#sec2.7}
------------------------------

Formalin-fixed and paraffin-embedded 5--7 μm thick liver tissue sections were stained with hematoxylin and eosin for histopathological examination using the standard protocol.

2.8. Estimation of oxidative stress markers {#sec2.8}
-------------------------------------------

10% of liver homogenates were prepared in RIPA buffer (pH 7.4) and used for evaluations of oxidative stress.

### 2.8.1. Non-enzymatic markers of oxidative stress {#sec2.8.1}

Total ROS levels in the liver homogenates were estimated using the fluorescent probe DCFH-DA \[[@bib15]\].

The levels of lipid peroxidation (LPO), total protein carbonyl content and redox ratio were measured in freshly prepared liver homogenate by the respective methods described earlier \[[@bib16], [@bib17], [@bib18]\].

### 2.8.2. Activities of antioxidant enzymes {#sec2.8.2}

The specific activities of antioxidant enzymes Catalase, glutathione peroxidase (GPx), Glutathione reductase (GR) and Glutathione-S-Transferase (GST) in the liver were estimated by the methods of \[[@bib19], [@bib20], [@bib21], [@bib22]\] respectively after normalization with total protein levels measured by the method of Lowry \[[@bib23]\].

2.9. Protein expression studies {#sec2.9}
-------------------------------

The protein expressions of Cox-2, hPGDS, mPGES, IL-4, TNF-α, and sEH were studied by Enzyme-Linked Immunosorbent Assay (ELISA) as described earlier using β-actin protein as an internal control \[[@bib14]\].

2.10. Statistical analysis {#sec2.10}
--------------------------

The data were analyzed using one-way analysis of variance (ANOVA) and multiple post hoc test (Tukey) to compare various treatment groups using GraphPad Prism 5.0 program (GraphPad Software, San Diego, CA). The significance was set at p \< 0.05. All data were expressed as mean ± SD of at least n = 4--6 independent observations (for protein expression studies n = 4).

3. Results and discussion {#sec3}
=========================

Lifestyle changes have been implicated as the leading cause of dysregulated lipid metabolism, which can culminate in HC and associated pathologies. Also, sociocultural characteristics and endocrine derangements also contribute to the sexual dimorphism responsible for differences in the prevalence, risk factors, and clinical outcomes of NAFLD. Despite the understanding that hormonal status of women affects the risk factors for NAFLD, men are found to be more susceptible and at greater risk. However recent inconclusive and conflicting reports suggest higher prevalence of NAFLD in women than in men. Thus, adequate consideration of sex differences, sex hormones/menopausal status and age are needed to fill current gaps to understand pathogenesis of NAFLD \[[@bib24], [@bib25]\].

At the molecular level, HC associated oxidative insults have been implicated in various hepatic pathologies, including NAFLD, steatohepatitis, liver cirrhosis and fibrosis. Thus, reducing free radical burden can be a solution against these adverse changes. The risk factor and side effects of allopathic drugs warrant the consideration of plant-derived pharmaceuticals as effective alternatives. Hempseeds lipid fraction being an excellent source of essential fatty acids and phytosterols \[[@bib12]\] and effective antioxidants \[[@bib14]\] are evaluated for their hepato-protective effects.

3.1. HEMP ameliorates markers of fatty liver {#sec3.1}
--------------------------------------------

HFD can lead to enhanced fat accumulation in the liver due to HC dependent altered lipid metabolism. In the present study, increased body weights, liver weights, and liver: body weight ratio ([Figure 1](#fig1){ref-type="fig"}A-C) of animals fed on the HFD diet were observed compared with other groups. Alternatively, HEMP administration, along with HFD, i.e., in both HFD/HEMP and HFD+HEMP groups, showed slight gain or reduced liver: body weights ([Figure 1](#fig1){ref-type="fig"}C).Figure 1Changes in (A) Body weights (B) liver weights (C) liver/body weight ratios (D) Representative photographs illustrating the gross morphological changes in the liver of different groups; I--V, (E--G), Changes in lipid profile, i.e., cholesterol, triglycerides, and LDL/HDL ratios. Data are expressed as mean ± SD of at least 6 independent observations. a:represents p \< 0.05 when compared between CONTROL vs. HFD, HFD/HEMP, HFD+HEMP, HEMP; b: represents p \< 0.05 when compared between HFD vs. HFD/HEMP, HFD+HEMP, HEMP; c: represents p \< 0.05 when compared between HFD/HEMP vs. HFD+HEMP, HEMP; d: represents p \< 0.05 when compared between HFD+HEMP vs. HEMP: represents the liver photograph of CONTROL, HFD, HEMP, HFD/HEMP, and HFD+HEMP groups, respectively.Figure 1

Morphologically also, the livers of rats demonstrated severe changes ([Figure 1](#fig1){ref-type="fig"}D I-V). The livers of control, HEMP, and HFD/HEMP showed normal deep red coloration and morphology ([Figure 1](#fig1){ref-type="fig"}D I, III, IV). Though the liver from HFD+HEMP fed rats showed changes similar to HFD ([Figure 1](#fig1){ref-type="fig"}D V), the livers of HFD fed animals were enlarged and appeared pale, indicating the fatty liver ([Figure 1](#fig1){ref-type="fig"}D II). Studies have suggested that HFD is a crucial factor in the pathogenesis of fatty liver or hepatic steatosis associated with obesity depicted *via* ballooning degeneration \[[@bib26]\]. Consistent with this, the histopathological analysis also suggests that elevation of cholesterol may increase the risk of hepatic steatosis. Although these effects can be reversed by lowering the cholesterol and fat deposition in the liver, hempseed administration can significantly reduce the fat accumulation in the liver \[[@bib27]\].

In agreement with previous literature, the current study also validates that HFD induced altered HDL-C/LDL-C ratio and hypertriglyceridemia are an indicative risk for NAFLD \[[@bib28]\]. [Figure 1](#fig1){ref-type="fig"} (E-G), shows that serum levels of cholesterol, TG, and LDL/HDL ratio significantly increased in rats fed with HFD when compared with other groups. These changes in HFD group animals can be attributed to the increased gene expressions of the apolipoprotein B & E (APO- B, APO-E) (data not shown). These increased expressions of APO-B and APO-E suggested a disrupted secretion of APO-E as well as disequilibrium of fatty acid metabolism, and lipidosis in the liver \[[@bib29]\]. Alternatively, HEMP, HFD+HEMP, and HFD/HEMP fed groups demonstrated a considerable decrease in the levels of cholesterol, LDL, and TGs and concordant increase in HDL compared to HFD group ([Figure 1](#fig1){ref-type="fig"}E-G). Previous studies \[[@bib30]\] also reported the ability of hempseed to counterbalance the deleterious effects of LDL by increasing the functional impact of the HDL. Thus, HEMP induced increase in HDL, in turn, can not only antagonize the cellular and molecular effects of LDL but can also enhance the removal of cholesterol.

The anti-dyslipidemic hepatic effects of HEMP were also validated in terms of changes in the liver function markers where enzymes SGOT, SGPT, and ALP were significantly increased in the mice fed with HFD diet as compared to other groups ([Figure 2](#fig2){ref-type="fig"}A-C). These lipids associated increase in the liver function markers are reflective of HC/HFD associated hepatocellular damage and correlate well with the fatty changes in the liver morphology \[[@bib31]\]. Contrary to this, decreased levels of liver function markers were observed in rats fed with HFD/HEMP and HFD+HEMP ([Figure 2](#fig2){ref-type="fig"}A-C) compared to HFD group. A trend of significant normalization of liver function markers towards normal control rats was also observed in HFD/HEMP and HFD+HEMP group rats ([Figure 2](#fig2){ref-type="fig"}A-C). These findings suggest the anti-hypercholesterolemic effects of hempseed \[[@bib14]\], which can be owed to the presence of optimal proportions of n3 and n6 PUFAs \[[@bib32]\] and the high ALA content that augments omega-3 fatty acids biosynthesis \[[@bib33]\].Figure 2Graphs (A--C) illustrating changes in the Liver function markers (D, E) Photomicrographs of liver illustrating the histological changes in the liver of different groups; I--V, at 20x and 40x magnifications, respectively. H- Hepatocyte, S- sinusoidal cells, 1- macrovesicular fat cells, 2-microvesicular fat cells, Square- Binucleate cells. Data are expressed as mean ± SD of at least 4--6 independent observations. a-d represents p \< 0.05 when compared between CONTROL vs. HFD, HFD/HEMP, HFD+HEMP, HEMP; b: represents p \< 0.05 when compared between HFD vs. HFD/HEMP, HFD+HEMP, HEMP; c: represents p \< 0.05 when compared between HFD/HEMP vs. HFD+HEMP, HEMP; d: represents p \< 0.05 when compared between HFD+HEMP vs. HEMP: represents the liver photograph of CONTROL, HFD, HEMP, HFD/HEMP, and HFD+HEMP groups, respectively as described in the legend of [Figure 1](#fig1){ref-type="fig"}.Figure 2

Histopathological investigations of H&E stained sections of the liver of the control and HEMP rats ([Figure: 2](#fig2){ref-type="fig"}D, E I & V) revealed the normal histological architectures as evidenced by maintained lobular architecture with normal hepatocytes, few binucleate and sinusoidal cells. HFD led to inflammation along with signs of macrovesicular steatosis in perivenular areas (labeled as \'1′), and few markers of microvesicular steatosis (labeled as \'2′) were also seen ([Figure 2](#fig2){ref-type="fig"}D, E II). Further, sinusoidal cells appear irregular and narrow because of fat loaded cells suggesting that elevation of cholesterol may increase the risk of steatosis. Contrary to this, HFD/HEMP and HFD+HEMP ([Figure 2](#fig2){ref-type="fig"}D, E III & IV) demonstrated few binucleate cells and a comparatively lesser number of macro and microvesicular steatosis when compared with HFD suggesting HEMP mediated significant reduction in hepatic fat accumulation culminating in amelioration of macrovesicular steatosis \[[@bib27]\].

3.2. HEMP resolves fatty liver associated hepatic inflammation through modulation of redox homeostasis {#sec3.2}
------------------------------------------------------------------------------------------------------

Fatty liver is characterized by a marked activation of inflammatory cells and upregulation of soluble inflammatory mediators, including cytokines and chemokines. These mediators play an active role in NAFLD and are considered as potential therapeutic targets \[[@bib34]\]. Among these factors, currently, the protein levels of inflammation inducible COX-2, sEH, IL-4, and TNF-α increased significantly in HFD fed rats compared to control rats suggest activation of pathways contributing to the prostaglandin (PG)-E~2~ development. Increased mPGES and a concomitant downregulation of anti-inflammatory hPGDS in HFD rats corroborate these findings ([Figure 3](#fig3){ref-type="fig"}A-F). Consistent with these observations, studies \[[@bib35]\] also reported exaggerated and unresolved inflammation mediated through hPGDS deficiency, as observed in HFD groups in the current study. In contrast, HEMP administration in rats fed with HFD/HEMP and HFD+HEMP reversed the HFD induced changes in the expressions of COX-2, sEH, IL-4, and TNF-α and a remarkable improvement in hPGDS expression, which was comparable to control ([Figure 3](#fig3){ref-type="fig"}A-F) indicating the pro-resolution effects of HEMP.Figure 3Graphs (A--F) illustrating changes in the protein expressions of various inflammatory factors. Data are expressed as mean ± SD of at least 4 independent observations. a:represents p \< 0.05 when compared between CONTROL vs. HFD, HFD/HEMP, HFD+HEMP, HEMP; b: represents p \< 0.05 when compared between HFD vs. HFD/HEMP, HFD+HEMP, HEMP; c: represents p \< 0.05 when compared between HFD/HEMP vs. HFD+HEMP, HEMP; d: represents p \< 0.05 when compared between HFD+HEMP vs. HEMP: represents the liver photograph of CONTROL, HFD, HEMP, HFD/HEMP, and HFD+HEMP groups, respectively.Figure 3

On a mechanistic level, a direct association of increased hepatic free cholesterol pool to the mitochondrial dysfunction and consequent sensitization to TNF-α induced hepatotoxicity has been established \[[@bib36]\]. Thus, considering the central role of the redox component and its involvement in the regulation of inflammatory pathways prompted us to investigate this axis during fatty liver disease. Both enzymatic and non-enzymatic markers of oxidative stress indicated that hepato-protective anti-inflammatory effects of HEMP might be mediated through its redox modulatory activities. A **s**tatistically significant decreased activity of enzymatic antioxidants such as catalase, GPx, GR, and GST was observed in the HFD fed rats when compared to other groups ([Figure 4](#fig4){ref-type="fig"}A-D). These results indicated HC induced accumulation of ROS and the inadequacy of these enzymes to counteract such oxidative insults \[[@bib37]\]. Alternatively, an increase in LPO, levels of ROS, and protein carbonyls in HFD group animals along with decreased redox ratio (GSH: GSSG) corroborate these findings ([Figure 4](#fig4){ref-type="fig"}E-H). This suggested oxidative stress-mediated NAFLD complications \[[@bib38]\] in the HFD group rats when compared to the rest of the groups. On the other hand, the rats fed with HFD/HEMP and HFD+HEMP showed significantly reduced activities of these enzymes, which were significantly higher as compared to the HFD fed rats and comparable to HEMP fed rats and control animals ([Figure 4](#fig4){ref-type="fig"}A-D). Corroborating with the activities of antioxidant enzymes, the HFD/HEMP and HFD+HEMP groups showed a statistically significant decrease in the levels of free radicals suggesting the beneficial redox modulatory activities of Hemp ([Figure 4](#fig4){ref-type="fig"}E-H) due to its unique nutritional and phytochemical composition \[[@bib14]\]. These free radical scavenging activities of hempseeds have been previously reported \[[@bib14], [@bib32], [@bib33]\].Figure 4Graphs (A--H) illustrating changes in the enzymatic and non-enzymatic markers of oxidative stress. Data are expressed as mean ± SD of at least 4 independent observations. a:represents p \< 0.05 when compared between CONTROL vs. HFD, HFD/HEMP, HFD+HEMP, HEMP; b: represents p \< 0.05 when compared between HFD vs. HFD/HEMP, HFD+HEMP, HEMP; c: represents p \< 0.05 when compared between HFD/HEMP vs. HFD+HEMP, HEMP; d: represents p \< 0.05 when compared between HFD+HEMP vs. HEMP: represents the liver photograph of CONTROL, HFD, HEMP, HFD/HEMP, and HFD+HEMP groups, respectively.Figure 4

In conclusion, lipid fraction of hempseeds (HEMP) suppresses high-fat diet-associated fatty liver through positive redox modulatory effects on lipid metabolism and hepatic inflammation.
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